The effect of interferons (IFNs) on the replication of herpes simplex virus 1 (HSV-1) can be readily demonstrated by appropriate adjustment of IFN dose (high) and multiplicity of infection (low). Although the virus appears to be resistant to IFN in cultured cells (29) and IFN production and viral replication are incompatible (3), the importance of IFNs in the pathogenesis associated with HSV-1 infections is readily apparent from studies of mice in which specific genes in the IFN pathway have been knocked out (6, 31, 32) . In these studies HSV-1 mutants lacking specific genes and that were highly attenuated in wild-type mice became virulent in mice lacking an intact IFN signaling pathway. The number of viral genes whose function it is to block IFNs also adds credence to the importance of this host defense mechanism.
Alpha IFN (IFN-␣) and IFN-␤ are the common responders of cells infected by viruses. Immune cells secrete class II or IFN-␥ to activate the innate and adaptive immune response and also aid in upregulating the antiviral state in cells to limit viral infection. This defense pathway begins with induction of IFNs by stimulated cells. In the case of viral infection, the most common inducer of IFN is the accumulation of complementary viral RNAs capable of annealing to form double-stranded RNA (dsRNA) (25, 28) . dsRNA activates a cytoplasmic protein, IFN regulatory factor 3 (IRF3), that then translocates into the nucleus and binds to the promoter of the gene for IFN-␤ (35) . IFN-␤ is secreted and binds to the receptors of the same cell or neighboring cells. The interaction of IFN with its receptors leads to activation of signaling pathways initiated by the phosphorylation of signal transducers and activators of transcription (Stat) proteins. The Stat proteins are phosphorylated by kinases (e.g., Jak1, Tyk2, etc.) associated with IFN receptors. Stat proteins in turn activate other factors (e.g., IRF7 [38] ). IFN-␣/␤ and IFN-␥ activate similar but distinct Jak/Stat pathways (14) . In the presence of IFN-␣, the IFN-␣ receptor chains dimerize. Upon dimerization of the IFN-␣ receptor chains 1 and 2, the associated Janus kinases (Jaks), Tyk2 and Jak1, are tyrosine phosphorylated. Activated Jak1 and Tyk2 phosphorylate Stat1 and Stat2. Stat1 and Stat2 heterodimerize and bind to p48 (also known as IRF9) to form the complex: IFN-stimulated growth factor 3 (ISGF3). ISGF3 complexes translocate into the nucleus and bind to IFN-stimulated response elements (ISRE) to promote transcription. In the presence of IFN-␥, the IFN-␥ receptor chains dimerize and activate associated Jak1 and Jak2 kinases. Stat1 is tyrosine phosphorylated by Jak1, homodimerizes, and translocates into the nucleus to bind to gamma-activated sequences (GAS) to promote transcription. Serine phosphorylation of Stat1 enhances its transcriptional activity.
Studies on the mechanisms by which HSV-1 blocks IFNinduced response have led to the identification of at least two viral proteins with specific anti-IFN functions. Thus, in infected cells, dsRNA activates the preexisting, inactive protein kinase R (PKR) (60) . Activated PKR phosphorylates the ␣ subunit of the translation initiation factor 2 (eIF-2␣). Phosphorylated eIF-2␣ shuts off all protein synthesis, and as a consequence, viral replication is terminated. Viruses that induce the synthesis of complementary RNAs have evolved elaborate mechanisms to block PKR. HSV has evolved a gene, ␥ 1 34.5, whose product recruits protein phosphatase 1␣ and redirects it to dephosphorylate eIF-2␣ (22) . In effect, ␥ 1 34.5 protein acts as a phosphatase accessory factor (21) . In other studies, the product of the ␣0 gene, infected cell protein 0 (ICP0), has been reported to play a role in the resistance of IFN inasmuch as ⌬␣0 mutants are more sensitive to IFNs than the wild-type parent (42) . One of the functions mediated by ICP0 is the dispersal of nuclear structures known as PODs, Kr bodies, or ND10, and the degradation of sumoylated forms of promyelocytic leukemia protein (PML) and other constituents of these structures. PML is considered to be the organizer of ND10 structures and has been ascribed numerous functions. The resistance to IFN attributed to ICP0 may well be due to its degradation of PML, since HSV-1 infection of PML Ϫ/Ϫ cells appears to be insensitive to IFN compared to the infection of wild-type, PML ϩ/ϩ cells (9) . The objective of the present study was to determine whether HSV-1 blocks the IFN signaling pathway at other sites. We report here that in wild-type-virus-infected cells several members of the Stat protein family appear to be posttranslationally modified and that the levels of both Stat2 and Jak1 decrease after infection. Thus, HSV-1 blocks both the initiation of the signaling pathway and the activation of IFN response genes at the end of the pathway.
MATERIALS AND METHODS

Cells and viruses.
African green monkey kidney (Vero) cells, HeLa, and HEp-2 cells were obtained from American Type Culture Collection. HSV-1 strain F [HSV-1(F)], a limited extra human passage isolate, is the prototype HSV-1 strain used in this laboratory (16) . Recombinant virus R2621 lacks the U L 41 gene encoding the virion host shutoff (vhs) protein (47) . The recombinant viruses derived by genetic engineering from HSV-1(F) and used in these studies were R3616 (⌬␥ 1 34.5 gene [13] ), R7802 (⌬␣22 gene [44] ), R7041 (⌬U S 3 gene [50] ), R7036 (⌬U L 13 gene [49] ), R6016 (⌬␣47 gene [39] ), R6047 (⌬Us9 gene [4] ), and R7910 (⌬␣0 [26] ). Titers of all virus stocks were determined in Vero cells.
FIG. 2. Effect of HSV-1 on members of the Stat family of proteins. (A)
Replicate HeLa cells were mock infected or inoculated with 10 PFU of HSV-1(F) per cell as described in Materials and Methods. After 7 h of incubation, the cells were either not treated or treated with 500 U of IFN-␥/ml for 1 h or with 5,000 U of IFN-␣/ml for 15 min. The cells were harvested and fractionated, and nuclear and cytoplasmic fractions (200 g/lane) were electrophoretically separated on denaturing polyacrylamide gels, transferred to nitrocellulose membranes, and reacted with antibodies to Stat1, Stat2, Stat3, Stat5, or Stat6 (Transduction Laboratories) and then with secondary antibodies conjugated to AP. AP-conjugated antibodies were detected by using a colorimetric reaction (Bio-Rad). (B) Replicate HeLa cells were mock infected or exposed to 5 PFU of wild-type virus per cell or 5 PFU of mutant viruses lacking U L 41, ␥ 1 34.5, ␣47, U S 9, U S 3, U L 13, ␣22, or ␣0 genes per cell. The cells were harvested at 18 h after infection and processed as described in Materials and Methods. Whole-cell lysates were subjected to electrophoresis in denaturing gels (200 g/lane) and reacted with antibodies as described above. Bound peroxidase-conjugated antibodies were detected with the aid of enhanced chemiluminescence. Cell infection. In all of the experiments described here replicate cell cultures grown in 25-cm 2 flasks were either mock infected or exposed to virus in mixture 199 supplemented with 1% calf serum at the PFU/cell ratios given in Results. The cells were exposed to virus for 2 h at 37°C. The inoculum was then replaced with mixture 199 supplemented with 5% newborn calf serum, and the cultures were then incubated at 37°C for the intervals given in Results.
Harvesting and fractionation of cells. To prepare whole-cell lysates, the cells were scraped, rinsed in phosphate-buffered saline (PBS), lysed in whole-cell lysis buffer (50 mM Tris, 280 mM NaCl, 0.5% NP-40, 0.2 mM EDTA, 2 mM EGTA, 1 mM dithiothreitol [DTT], 10% glycerol, and protease inhibitors) or in PBS* (1% deoxycholate, 1% NP-40, and protease inhibitors in PBS), and centrifuged for 10 min at 13,000 rpm in Sorvall Biofuge to remove the insoluble fraction. For fractionation, the cells were scraped, rinsed with PBS, resuspended in hypotonic lysis buffer (20 mM HEPES, 10 mM KCl, 1 mM EDTA, 0.1 mM sodium orthovanadate, 1 mM DTT, 0.2% NP-40, 10% glycerol, and protease inhibitors), lysed for 5 min on ice, and centrifuged at 13,000 rpm for 10 s to separate the cytoplasmic (supernatant) and nuclear (pellet) fractions. The cytoplasmic fraction was transferred into a new tube. The pelleted nuclei were gently rinsed with hypotonic buffer and pelleted as described above. The nuclear fractions were resuspended in hypertonic lysis buffer (20 mM HEPES, 10 mM KCl, 1 mM EDTA, 0.1 mM sodium orthovanadate, 1 mM DTT, 0.2% NP-40, 20% glycerol, 420 mM NaCl, and protease inhibitors), lysed for 30 min in ice, and centrifuged at 13,000 rpm for 5 min to remove the insoluble fraction. Whole-cell lysates or the soluble nuclear and cytoplasmic fractions were used for electrophoretic mobility shift assays (EMSAs) with defined labeled probes or for immunoblotting after electrophoretic separation in denaturing gels.
Immunoblotting of electrophoretically separated proteins. Protein concentrations of the cell lysates were measured by using the Bradford assay (Bio-Rad). Protein lysates (200 g/lane for the detection of cellular proteins and 100 g/lane for the detection of viral proteins) were denatured by boiling for 5 min in disruption buffer (final concentration of 2% sodium dodecyl sulfate, 50 mM Tris [pH 7.0], 2.75% sucrose, 5% ␤-mercaptoethanol, and bromophenol blue), electrophoretically separated on a denaturing 12, 10, or 8.5% polyacrylamide gels cross-linked with N,NЈ-diallyltartardiamide (DATD), and transferred to nitrocellulose membranes. Blots were blocked for 1 h with 5% milk buffer and then probed with the appropriate primary antibody for 2 h at room temperature or overnight at 4°C. Antibodies were diluted in PBS with 0.05% Tween 20 and 1% bovine serum albumin as follows: Stat1, 1:2,000; Stat2, 1:250; Stat3, 1:2,500; Stat5, 1:250; Stat6, 1:500; Jak1, 1:250; Stat1 P-tyr701, 1:500; Stat1P-ser727, 1:500; IFN-␣ receptor, 1:500; Stat1 P-ser727, 1:1,000; and U L 38, 1:500. The immunoblots were incubated with secondary antibodies conjugated with peroxidase (Sigma) or conjugated with alkaline phosphatase (Bio-Rad) for 1 h. Peroxidaseconjugated antibodies were detected and quantified by using enhanced chemiluminescence (ECL Plus; Amersham) in a Storm 860 PhosphorImager (Molecular Dynamics). Alkaline phosphatase (AP)-conjugated antibodies were developed by using a colorimetric assay in AP buffer (100 mM Tris [pH 9.5], 100 mM NaCl, and 5 mM MgCl 2 ) containing BCIP (5-bromo-4-chloro-3-indolylphosphate) and nitroblue tetrazolium.
Oligonucleotide labeling for EMSAs. The oligonucleotides M67, which contains a mutant high-affinity Stat1 binding site from the c-fos promoter (58), sense strand (5Ј-CATTTCCCGTAAATCAT-3Ј), ISRE sense strand (5Ј-CTCGGGA AAGGGAAACCGAAACTGAAGCC-3Ј), and their antisense complements were end labeled with 32 P. Three picomoles of oligonucleotide, 150 Ci of [␥-
32 P]ATP, 15 U of bacteriophage T4 polynucleotide kinase, and bacteriophage T4 polynucleotide kinase buffer were reacted in 20 l at 37°C for 45 min. Heating the reaction mixture at 68°C for 10 min inactivated the T4 polynucleotide kinase. Oligonucleotides were incubated with their complements, denatured at 95°C for 5 min, and allowed to reanneal at room temperature. Labeled oligonucleotides were separated from free [␥ 32 P]ATP by Sephadex G-50 spin column chromatography and then stored at Ϫ20°C.
EMSA and supershift assays. Cytoplasmic and nuclear fractions (40 g) were incubated with 3 g of poly(dI-dC), 0.5 ng of 32 
RESULTS
HSV-1(F) blocks activation of Stat1 by IFN-␥ in infected
HEp-2 cells. Two series of experiments were done to test the effect of IFN-␥ signaling in HEp-2 cells infected with HSV-1(F). In the first, replicate cultures of HEp-2 cells grown in 25-cm 2 flasks were exposed to 10 PFU of HSV-1(F) per cell. After 2 h at 37°C, the inoculum was replaced with Dulbecco modified Eagle medium supplemented with 5% of newborn calf serum. At 7 h after infection the cells were exposed to 500 U of IFN-␥ in 1 ml for 1 h and then harvested and probed for the presence of proteins binding to labeled M67 probe in EMSAs.
The results shown in (Fig. 1A, v) that migrated faster than the protein band formed by lysates of untreated and treated mock-infected cells.
We conclude from this experiment that HSV-1(F) blocked the induction or activation of Stat DNA-binding proteins by IFN-␥. The faster-migrating band formed in infected cells may represent a DNA-viral protein complex or a complex from which one or more proteins present in slower-migrating complex formed by lysates of mock-infected cells were missing. The components of this complex were not further identified. This experiment was also done with extracts of mock-infected and infected HeLa cells with similar results (data not shown).
The second series of experiments was designed to identify the Stat component of the M67 DNA-protein complex. In this series of experiments, 40 g of mock-infected cytoplasmic protein were reacted with M67 labeled DNA probe for 30 min. Antibody to Stat1, Stat2, or Stat3 was then added and allowed to react for an additional 30 min. The reaction mixture was next subjected to electrophoresis on a nondenaturing gel. The results (Fig. 1B) indicate that Stat1 was the predominant component of the M67 DNA-protein complex, whose formation was induced by IFN-␥ in HEp-2 cells. We conclude that in the system analyzed in the present study IFN either induced or activated Stat1 and that HSV-1 blocked the formation of Stat1-DNA complex.
The predominant response to the IFN-␣ is activation of Stat1, Stat2, and p48 DNA-binding complex: a step also blocked by infection with HSV-1. The experiments described above were repeated with HeLa cells except that at 7 h after infection, the cells were treated with 5,000 U of IFN-␣ in 1 ml of medium for 15 min and that the cell lysates were probed for the presence of proteins binding to labeled ISRE probe. As shown in Fig. 1C , IFN-␣ induced the formation of novel ISRE probe-protein complex that migrated more slowly than those formed by lysates of untreated mock-infected cells. These complexes were not formed by lysates of infected cells either untreated or treated with IFN-␣. At the same time, a new, fastermigrating ISRE-protein complex was formed by lysates of both infected, IFN-␣-treated cells and untreated cells. In this instance, these DNA-protein complexes were more abundant in mixtures containing lysates from IFN-␣-treated cells than those containing lysates of untreated, infected cells. The results presented in Fig. 1D showed that the antibody to p48 supershifted the complex, whereas antibody to Stat1 disrupted the complex. The results suggest that the ISRE DNA-protein complex contained both p48 and Stat1 proteins. The monoclonal antibody against Stat2 did not supershift the complex. The epitope for Stat2 in this complex may not have been accessible to the antibody.
The Stat family of proteins is modified in HeLa cells infected with HSV-1. In the preceding section we showed that HSV-1(F) infection was able to block both IFN-␣-and IFN-␥-induced pathways. The question addressed in the following experiments was to determine whether inhibition of the Jak/ Stat pathway by wild-type virus correlated with destabilization or modification of the Stat proteins. In this series of experiments ( Fig. 2A) , replicate HeLa cell cultures in 25-cm 2 flask were mock infected or exposed for 2 h to 10 PFU of HSV-1(F) per cell. At 7 h after infection the cultures were either left untreated or treated with 500 U of IFN-␥ in 1 ml for 1 h or to 5,000 U of IFN-␣ in 1 ml of medium for 15 min. After treatment, the cells were harvested, fractionated into nuclear and cytoplasmic fractions, and subjected to electrophoresis (200 g/lane) and then reacted with appropriate antibodies as described in Materials and Methods.
In a parallel experiment, replicate HeLa cell cultures were mock infected or exposed to 5 PFU of wild-type virus or mu- FIG. 4 . HSV-1 infection can inhibit tyrosine phosphorylation but not serine phosphorylation of Stat1 in HeLa cells. Replicate HeLa cell cultures were mock infected or exposed to 10 PFU of HSV-1(F) per cell. At 7 h after mock infection or infection the cells were mock treated or exposed to 500 U of IFN-␥/ml for 1 h or 5,000 U of IFN-␣/ml for 15 min. At the conclusion of the treatment the cells were harvested and fractionated, and nuclear and cytoplasmic fractions were subjected to electrophoresis in denaturing gels (200 g/lane). The electrophoretically separated proteins were transferred to a nitrocellulose sheet and reacted with primary antibodies to phospho-epitope-specific polyclonal antibodies tyrosine 701 or serine 727 of Stat1 (Upstate Biotechnology) and then with a secondary antibody conjugated to peroxidase. Bound peroxidaseconjugated antibodies were detected by using enhanced chemiluminescence. The cells were harvested at 18 h after incubation at 37°C and processed as described in Materials and Methods for wholecell lysates. These lysates were probed for the levels of Stat proteins and also for Jak1. The results of the studies on Stat proteins are shown in Fig. 2B . The results of analyses of Jak1 levels are discussed in a later section. The results of the analyses of Stat levels shown in Fig. 2 can be summarized as follows.
(i) Stat1 was detected in both nucleus and cytoplasm ( Fig.  2A) . IFN-␥ has a slight stimulatory effect on the accumulation of nuclear Stat1 in mock-infected cells but not in infected cells. No significant differences were observed in the accumulation or electrophoretic mobility of Stat1 in untreated or IFN-␣-treated infected cells and in uninfected cells. A faster-migrating band of protein reacting with the anti-Stat1 antibody accumulated at higher levels in cells infected with the ⌬␣22 or ⌬U S 3 mutant viruses (Fig. 2B) . This observation suggests that HSV mediates or suppresses a modification of Stat1 that is dependent on ␣22 and U S 3 genes. Stat1 has two known isoforms, Stat1␣ and Stat1␤ (24, 51) . The mobility of the fastest migrating is consistent with that of Stat1␤, although it could be a novel isoform found in infected cells that has been observed in other human cell lines (data not shown).
( (iii) Stat3 accumulated predominantly in the cytoplasm ( Fig.  2A) . Neither IFN-␣ nor IFN-␥ had an effect on the localization of Stat3. However, the amounts of Stat3 were reduced in infected cells compared to those of uninfected cells. Stat3 protein levels were similar in cells infected with all of the mutant viruses. A faster-migrating band was present in mock-infected and in ⌬U L 41 mutant-infected cells but not in cells infected with wild-type virus or other mutants (Fig. 2B) . Other isoforms of Stat3 with a faster mobility has been observed in other studies (5, 8) .
(iv) Cytoplasmic and nuclear fractions formed multiple bands reactive with anti-Stat5 antibody. These bands have been observed in other cell lines (36, 56) . The cytoplasmic bands were more intense and migrated faster than the corresponding nuclear bands. In addition, Stat5 accumulating in the infected cell lysates appeared to be slightly less abundant than those of uninfected cell lysates ( Fig. 2A) . A significantly higher level of Stat5 accumulated in cells infected with ⌬␥ 1 34.5 mutant than in cells mock infected or infected with wild-type virus (Fig. 2B) . The increased accumulation of Stat5 in ⌬U L 41-infected cells suggests the possibility that Stat5 synthesis was induced in cells infected with some mutants but not in wildtype-virus-infected cells.
(v) Stat6 was more abundant in the cytoplasmic than in the nuclear fractions. In both the nucleus and the cytoplasm, Stat6 accumulating in infected cell lysates formed a second, slowermigrating band (Fig. 2A) . The levels of the slow-migrating band were higher in cells infected with several mutants, but particularly in cells infected with ⌬␥ 1 34.5 or ⌬U L 41 rather than in cells infected with wild-type virus (Fig. 2B ). In this instance as well, the results suggest the possibility that the synthesis of Stat6 was induced after infection. We conclude from the studies that the Stat proteins were not modified in infected cells in a uniform fashion. After infection there was a discernible decrease in the accumulation of Stat2 in the nuclear compartment and of Stat3 in the cytoplasmic compartment. The decrease in the accumulation of Stat2 is to a large extent mediated by the product of the U L 41 gene. Stat1 and Stat3 appear to undergo posttranslational modification mediated by HSV. In the case of Stat5 and Stat6, the results suggest the possibility of de novo synthesis of posttranslationally modified proteins. The key conclusion to be drawn from on October 31, 2017 by guest http://jvi.asm.org/ these studies is that the Stat proteins are extensively modified after infection and this, to a large extent, may account for the insensitivity of HSV for IFN.
Accumulation of Stat1 and Stat2 proteins in the course of infection with HSV-1(F).
In this series of experiments replicate 25-cm 2 cultures of HeLa cells were mock infected or exposed to 10 PFU of HSV-1(F) per cell for 2 h as described above and in Materials and Methods. The cells were harvested at 2, 4, 6, 10, 14 or 18 h after infection or mock infection, solubilized, subjected to electrophoresis in denaturing polyacrylamide gel, transferred to a nitrocellulose sheet, reacted with anti-Stat1 or anti-Stat2 antibodies, and processed as described in Materials and Methods. The bound antibody was quantified with the aid of enhanced chemiluminescence in the Storm 860 PhosphorImager. The results were normalized with respect to the Stat1 or Stat2 levels to those measured in the uninfected cell sample.
As shown in Fig. 3A , there was a 20 to 40% decrease in Stat1 levels detected by the phosphorimager in cells after infection by wild-type virus. Stat1, at this lower level, was maintained throughout infection. In contrast (Fig. 3B) , the levels of Stat2 gradually decreased throughout the replicative cycle. At 16 h after infection the amount of Stat2 present in infected cells was ϳ10% of that present in mock-infected cells throughout the interval of study.
We conclude that HSV-1(F) infection mediates the reduction in the levels of Stat2. Downregulation of Stat2 during infection may play a significant role in the inhibition of the Jak/Stat pathway that is activated by IFN-␣.
HSV-1 infection decreases the tyrosine phosphorylation but not the serine phosphorylation of Stat1. Since Stat1 protein levels were maintained throughout infection, the question arose whether the virus affects the tyrosine or serine phosphorylation of Stat1. Inhibition of tyrosine phosphorylation of Stat1 would inhibit its activation, homodimerization, and translocation into the nucleus, whereas the inhibition of serine phosphorylation of Stat1 would decrease its transcriptional activity (59) . In this series of experiments, replicate 25-cm 2 HeLa cell flask cultures were mock infected or exposed for 2 h to 10 PFU of HSV-1(F) per cell as described in Materials and Methods. At 7 h after incubation at 37°C, the cells were either left untreated or exposed to 500 U of IFN-␥ for 1 h or to 5,000 U of IFN-␣ for 15 min in 1 ml of medium. After treatment, the cells were harvested, fractionated into nuclear and cytoplasmic fractions, subjected to electrophoresis in denaturing polyacrylamide gels (200 g/lane), transferred to a nitrocellulose sheet, and reacted with phospho-specific primary antibodies against tyrosine phosphorylated Stat1 or serine phosphorylated Stat1.
The results (Fig. 4) were as follows. The levels of tyrosine phosphorylated Stat1 were too low to be detected in either nuclear or cytoplasmic fraction of untreated cells. After treatment with IFN-␥ and especially after treatment with IFN-␣, tyrosine phosphorylated Stat1 was detected in both nuclear and cytoplasmic fractions. In addition, there was a decrease in tyrosine phosphorylated Stat1 in infected cells treated with IFN compared to that of mock-infected IFN-treated cells. As shown in the lower panel of Fig. 4 , there was no apparent inhibition of serine phosphorylation of Stat1 in wild-type virusinfected cells or an increase in the amounts of serine phosphorylation of Stat1 in IFN-treated cells.
These results indicate that tyrosine phosphorylation of Stat1 FIG. 6 . IFN has a stronger inhibitory effect on the accumulation of late viral proteins in cells infected by U L 41 mutant virus than in cells infected with the wild-type virus. Replicate HeLa cell cultures were exposed to either 1,000 U of IFN-␥ or to 5,000 U of IFN-␣ per ml of medium for 24 h and then exposed to 10 PFU of parent HSV-1(F) virus to ⌬U L 41 or ⌬␥ 1 34.5 mutant viruses per cell. After 2 h, the inoculum was replaced with medium supplemented with 5% newborn calf serum with 1,000 U of IFN-␥ per ml or with 5,000 U of IFN-␣ per ml. The cells were harvested at 12 h postinfection, solubilized, electrophoretically separated on denaturing 12% polyacrylamide gels, transferred to nitrocellulose membranes, and reacted first with polyclonal antibody to U L 38 and then to anti-rabbit immunoglobulin G conjugated to peroxidase. Bound antibody was detected by using enhanced chemiluminescence, quantified with the aid of a Storm 860 PhosphorImager, and normalized with respect to the levels of U L 38 protein levels detected in untreated HeLa cells infected by wild-type virus.
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was partially inhibited during infection. Since Stat1 is necessary for IFN-␣-or IFN-␥-induced Jak/Stat pathways, reduction in the tyrosine phosphorylation of Stat1, even in the absence of any reduction of the amounts of the protein, would have a negative effect on the activation of the cellular IFN defense pathway. HSV-1 inhibits Stat1 tyrosine phosphorylation by decreasing the levels of Jak1. Stat1 tyrosine is phosphorylated by activated Jak1 protein kinase. Inhibition of tyrosine phosphorylation of Stat1 during infection could result from the inhibition of Jak1 kinase activity or the reduction of Jak1 protein level. In preliminary experiments we found that, whereas the Jak1 sample provided by the manufacturer of the anti-Jak1 antibody formed one band in denaturing gels, the antibody reacted with three bands in lysates of mock-infected cells. To test this hypothesis presented above three series of experiments were carried out.
In the first series of experiments, we examined the levels of Jak1 in HeLa cells harvested at different times after mock infection or a 2-h exposure to 10 PFU of HSV-1(F) per cell. The cells were processed as described in Materials and Methods, and the amount of Jak1 present in the cells was quantified with the aid of the Storm 860 PhosphorImager. As shown in Fig. 5A , Jak1 decreased by ca. 50% at 2 h after infection and to nearly 10% of the amount recovered from mock-infected cells by 18 h after infection.
To determine whether a specific viral gene product was responsible for the rapid disappearance of Jak1, we carried out the experiments described above and in the legend to the Fig.  2B . As illustrated in that figure, Jak1 levels accumulated in cells infected with the ⌬U L 41 mutant to the same level as in mock-infected cells but at a higher level than in cells infected with wild-type virus or various other mutants.
The objective of the third series of experiments was to determine the contribution of the U L 41 gene to the rapid disappearance of the Jak1 from infected cells. In these experiments, replicate HeLa cell flask cultures were mock infected or exposed to 10 PFU of ⌬U L 41 mutant virus per cell. The cells were harvested at 2, 4, 6, 10, 14, or 18 h after infection or mock infection and processed as described above for the experiment illustrated in Fig. 5A . The results (Fig. 5B) were as follows. There was little or no significant difference between Jak1 levels in mock-infected and infected cells until at least 6 h after infection. At between 6 and 18 h the Jak1 levels gradually decreased to ca. 40% of the amount detected in mock-infected cells at those times.
We conclude from these experiments that the initial decreased in the levels of Jak1, i.e., between the time of exposure of the virus to cells to ca. 6 h after infection, is due the action of the product of U L 41 gene. At later times, additional factors may play a role in curbing the replenishment of Jak1 in infected cells.
The ⌬U L 41 mutant virus is more sensitive to IFN than wild-type virus. The results presented above showed that Jak1 levels were maintained at least for several hours after infection with the ⌬U L 41 mutant. This observation allows the prediction that ⌬U L 41 mutant virus would be more sensitive than the parent virus to IFNs. To test this prediction, we measured the effect of IFN on the accumulation of U L 38, a ␥ 2 protein in HeLa cells infected with wild-type or ⌬U L 41 mutant viruses and which were either mock treated or exposed to IFN. A late protein was selected in the expectation that IFN would reduce viral gene expression at each step of the replicative cycle, and the effects on the early events would be additive and exaggerate the effects on late steps in viral replication. As a known positive control, we also tested cells infected with the ⌬␥ 1 34.5 mutant virus. In cells infected with wild-type virus, PKR is activated, the ␣ subunit of the translation initiation factor (eIF-2␣) is phosphorylated and, were it not for the ␥ 1 34.5 protein, all protein synthesis would cease. The ␥ 1 34.5 protein binds protein phosphatase 1 and diverts it to dephosphorylate eIF-2␣. Because of the rapid shutoff of protein synthesis in ⌬␥ 1 34.5-infected cells, late or ␥ 2 proteins are produced in grossly diminished amounts (12, 22) . In this experiment, replicate 25-cm 2 flask cultures of HeLa cells were treated with 1,000 U of IFN-␥/ml or with 5,000 U of IFN-␣/ml for 24 h and then exposed to 10 PFU of HSV-1(F), ⌬U L 41, or ⌬␥ 1 34.5 mutant virus per cell. Cells were harvested at 12 h after infection and processed as described in Materials and Methods. The electrophoretically separated proteins were reacted first with polyclonal antibodies against U L 38 and then with peroxidase-conjugated anti-rabbit immunoglobulin G antibodies. The bound antibody was quantified with the aid of enhanced chemiluminescence and the Storm 860 PhosphorImager. All values were normalized with respect to the levels of viral proteins were detected in the untreated, wild-type virus-infected cells. These experiments (Fig. 6) showed that IFN-␣ had no effect on the accumulation of U L 38 protein in wild-type virus- In the case of IFN-␥, the receptor-associated kinases Jak1 and Jak2 are activated and phosphorylate Stat1 (14) . These and associated proteins are translocated into the nucleus, where they induce antiviral proteins. The activation of antiviral response is mediated by PML (9) . (D) In wild-type-virus-infected cells, Jak1 disappears, PML is degraded, and the constituents of ND10 are dispersed (17) . As a result, the infected cell does not respond to exogenous IFN to curtail viral replication. 
HSV-1 decreases the levels of the IFN-␣ receptor late in infection.
Jak1 kinases are associated with IFN receptors. To determine whether the IFN receptor is also targeted for destruction, along with Jak1, we examined the protein levels of the IFN-␣ receptor at different times after infection. In this experiment, replicate 25-cm 2 cultures of HeLa cells were mock infected or exposed to 10 PFU of HSV-1(F) per cell. The cells were harvested at 0, 2, 4, 8, 12, or 16 h after infection or mock infection and then processed as described in Materials and Methods. The electrophoretically separated proteins were reacted with anti-IFN-␣ receptor antibody, and the bound antibodies were quantified as described above. The results shown in Fig. 7 indicate that IFN-␣ receptor was maintained with minimal reduction in quantity until past 4 h postinfection. The lowest level, at 16 h postinfection, represented ca. 40% of the amount present in mock-infected cells harvested at the same time.
DISCUSSION
In this report we show that HSV also precludes the maintenance of normal levels of Jak1 and Stat2 and, to a lesser extent, the level of the IFN-␣ receptor. Another study reported a similar downregulation of Jak1 and Stat2 protein levels by HSV but at later time points (62) . Analyses of viral mutants suggest that at least one gene product associated with the decrease in the levels of Jak1 and Stat2 is vhs. The effect of vhs on Jak1 is readily evident during the first 6 h after infection. Other factors may play a role in the decline of Jak1 at later times after infection. Stat2 was less intensively investigated in the present study, but the accumulated results suggest that the levels of this protein are also affected by vhs and viral gene products. The impact of the vhs gene can be deduced from the observation that ⌬U L 41 mutant was more sensitive to IFN than the parent virus. The working hypothesis entertained at this time is that these proteins have a relatively short half-life and that vhs precludes their replenishment through the translation of newly synthesized mRNA. It is likely, although we have not directly tested this hypothesis, that ICP27 contributes to the decline of this and other cellular proteins that turn over with a half-life significantly smaller than the viral replicative cycle.
The net effect of the HSV-1 gene expression on the IFN signaling pathway is readily apparent from the formation of DNA-protein complexes activated by the IFN. Thus, complexes containing gamma-activated sequences of DNA-Stat1 homodimers were readily apparent in cells treated with IFN-␥ at 7 h after mock infection but not in infected cells treated for a similar interval (Fig. 1) . Similarly, complexes containing IFNstimulated response elements DNA-Stat1, Stat2, and p48 were readily apparent in cells treated with IFN-␣ at 7 h after mock infection but not in cells treated with IFN-␣ after 7 h of infection with HSV-1. The effects are also apparent from examination of the role of vhs protein in blocking the antiviral activity of IFN-␣ and IFN-␥. This effect is readily demonstrable by comparison of late viral protein accumulation in wild-type and ⌬U L 41 virus-infected cells (Fig. 6 ). It should be noted the vhs protein also blocks the accumulation of other cytokines with potential antiviral effects in experimental animal systems (52) .
Virtually all viruses have evolved mechanisms designed to inhibit or evade the IFN-based host defenses to infection, and viruses frequently target the Jak/Stat pathway. For example, adenovirus E1A can cause a decrease in Stat1 and p48 protein levels. Simian virus 5 infection targets Stat1 for proteasomemediated degradation (15) . Mumps virus also ubiquitylates and downregulates Stat1 protein levels (61) . Human parainfluenza virus type 2 downregulates and polyubiquitylates Stat2 protein (45, 55) . Varicella-zoster virus infection reduces the protein levels of Stat1␣ and Jak2 (1). Human cytomegalovirus encodes mechanisms that can reduce the protein levels of both Jak1 and p48 (40, 41) . Sendai virus and human papillomavirus have mechanisms that can inhibit activation of Tyk2 (27, 34) . Hepatitis C virus can also impair the IFN-␣/␤-induced signaling pathway (23) . Although the mechanisms and target components of the Jak/Stat signaling pathway may differ between these viruses and HSV-1, the results are the same: prevention of the upregulation of IFN-stimulated genes and enhancement of viral production.
The striking features of the studies of HSV-1 viral gene function are the large number of genes targeting the IFNdependent host defense systems. These are described below and schematically illustrated in Fig. 8 .
(i) For at least several hours, vhs, the product of the U L 41 gene, mediates the degradation of cellular mRNAs. Although vhs causes the degradation of both cellular and viral mRNAs, the more vigorous transcription of viral genes enables viral protein synthesis but effectively shuts off the expression of a large number of cellular genes. Recent studies (16a, 53) indicate that only a small proportion of the transcripts of genes upregulated after infection are actually translated. An additional impediment to the translation of cellular mRNAs is that for the most part they arise by splicing. ICP27, a regulatory ␣ protein, blocks splicing but enables the transport to the cytoplasm of unspliced RNAs, with the consequence that translation of the products does not ensue (11, 16a, 53) . In the present study we have shown that the decrease in the levels of Jak1 and Stat2 proteins in infected cells is specifically related to vhs protein.
(ii) HSV-1 also targets preexisting proteins. Some, such as PML, Sp100, and CENP-A and -C, are degraded (10, 17, 18) . In recent studies it has become apparent that ICP0 acts as a ubiquitin ligase. Thus, a ubiquitin ligase site encoded in exon III targets cdc34, whereas a ubiquitin ligase encoded in exon II uses the UbcH5a ubiquitin-conjugating enzyme to degrade at least PML and Sp100 proteins (20) . As noted earlier, overexpression of PML has no effect on viral replication (37) . PML, however, appears to mediate the antiviral signaling by IFNs, and destruction of PML is designed to block the exogenous IFN from affecting viral replication (9) .
(iii) As noted in the introduction, HSV-1 infection of competent cells results in the activation of PKR. The accumulation of phosphorylated eIF-2␣ is precluded by the sequestration and diversion of phosphatase 1␣ to dephosphorylate eIF-2␣ (12, 22) . The activation of other cellular proteins may be simply ignored; as described above, HSV-1 sequesters and redi-rects protein phosphatase 1␣ to dephosphorylate eIF-2␣, thus ignoring the activated PKR.
(iv) Not targeting directly to the IFN defense pathways but related generally to host defenses are two sets of viral gene products. The products of at least three HSV-1 genes (␣47, ␥ 1 34.5, and U L 41) have been reported to block presentation of antigenic peptides by major histocompatibility complex classes I and II (54, 63) . A larger number (e.g., U S 3, gD, gJ, ␣27, and U L 39) block programmed cell death induced by either exogenous agents or by viral gene products (2, 19, 33, 43, 46, 64) . This list is likely to grow and may include at least ICP27 inasmuch as, as noted above, the protein blocks RNA splicing but enables the transport of unspliced RNA.
The studies on the role of viral gene products in blocking IFN-dependent host defenses leave a number of questions unresolved. For example, although the emphasis of our studies was on Jak1, Stat1, and Stat2, other members of the Stat family of proteins were also affected by viral infection. We have noted, but have no appreciation of the impact of, decreased levels of IFN-␣ receptor at times after 4 h postinfection. Although it is clear that ND10 and its organizer, PML, mediate the effects of IFN-␣ or IFN-␥, the precise mechanism by which these structures enable activation of the immune response also remains to be elucidated. Not considered in detail in this summary of anti-IFN effects is the role of U S 11. Although several lines of evidence indicate that U S 11 expressed early in infection also acts to preclude the accumulation of phosphorylated eIF-2␣, the question remains as to whether U S 11 has any anti-IFN role in cells infected with wild-type virus in which this gene is expressed at late times (7, 48) .
The striking feature of the results of these and earlier studies is the number and range of function of viral anti-IFN genes. The results argue that the virus has met its nemesis and evolved the armamentarium necessary to overcome it.
